ABSTRACT: Chemically self-assembled antibody nanorings (CSANs) displaying multiple copies of single-chain variable fragments can be prepared from dihydrofolate reductase (DHFR) fusion proteins and bis-methotrexate (bisMTX). We have designed and synthesized a bisMTX chemical dimerizer (bisMTX-NH 2 ) that contains a third linker arm that can be conjugated to fluorophores, radiolabels, and drugs. Monovalent, divalent, and higher-order AntiCD3 CSANs were assembled with a fluorescein isothiocyanate (FITC)-labeled bis-methotrexate ligand (bisMTX-FITC) and found to undergo rapid internalization and trafficking by HPB-MLT, a CD3+ T-leukemia cell line, to the early and late endosome and lysosome. Because the fluorescence of bisMTX-FITC when incorporated into CSANs was found to be significantly greater than that of the free ligand, the stability of the endocytosed AntiCD3 CSANs could be monitored. The internalized CSANs were found to be stable for several hours, while treatment with the nontoxic DHFR inhibitor trimethoprim resulted in a rapid loss (>80%) of cellular fluorescence within minutes, consistent with efficient intracellular disassembly of the nanorings. Over longer time periods (24 h), cellular fluorescence decreased by 75−90%, regardless of whether cells had been treated with DMSO or trimethoprim. Although bisMTX is a potent inhibitor of DHFR, it was found to be nontoxic (GI 50 > 20 μM) to HPB-MLT cells. In contrast, AntiCD3 CSANs prepared with bisMTX were found to be at least 13-fold more cytotoxic (GI 50 = 0.5−1.5 μM) than bisMTX at 72 h. Consistent with our findings from CSAN stability studies, no increase in cytotoxicity was observed upon treatment with trimethoprim. Taken together, our results suggest that cell receptor targeting CSANs prepared with trifunctional bisMTX could be used as potential tissue selective drug carriers.
■ INTRODUCTION
Antibody drug conjugates (ADCs) have received considerable attention because of promising clinical results, with a therapeutic recently receiving Food and Drug Administration approval. 1, 2 The specific cell targeting, as directed by the antibody, allows for the use of extremely toxic small molecules, with the targeting resulting in reduced side effects. These properties have led to the possibility of resurrecting small molecule therapeutics, which have been discarded from the development pipeline because of unfavorable toxicities or pharmacokinetics. To date, the predominant method of attaching drugs to antibodies has been via a covalent linkage, some of which can be cleaved intracellularly through chemical or enzymatic reactions. 1 The specificity afforded by antibodies (and antibody fragments) has also resulted in their use for the targeted delivery of liposomes, 3 dendrimers, 4 metallic nanoparticles, 5 and nanoparticles of nonmetallic composition. 6 These species have been exploited for the delivery of therapeutic and imaging agents through either noncovalent encapsulation 7 or covalent attachment. 4 In some cases, e.g., gold nanoparticles and quantum dots, the nanoparticle may also be the therapeutic or imaging agent. 8, 9 Chemically self-assembled antibody nanorings (CSANs) can be formed through the oligomerization of dimeric dihydrofolate reductase antiCD3 single-chain variable fragment (scFv) fusion proteins (DHFR 2 antiCD3) with a bis-methotrexate (bisMTX) ligand ( Figure 1) . 10, 11 We have previously shown that antiCD3 CSANs are endocytosed upon binding to CD3+ T-cells via a clathrin-dependent mechanism, in a manner similar to that of the parental antiCD3 monoclonal antibody (mAb), UCHT-1. 11 We hypothesized that antiCD3 CSANs could be used for the delivery of dyes and drugs to T-leukemia cells for imaging and therapeutic purposes (Figure 2 ). Control over ring size, and hence the valency of the displayed scFv, is possible through modification of the length and composition of the amino acid linker between the DHFR proteins. A 13-amino acid linker (13DHFR 2 antiCD3) results in a mixture of monomeric and dimeric species; a shorter single-glycine linker (1DHFR 2 antiCD3) leads to predominantly octameric rings. 10−12 This offers the possibility of controlling the number of therapeutic molecules delivered by the CSANs, as well as tuning the affinity for the targeted cells. Further, the modular nature of the CSAN construct allows changes in size, valency, and loading of cargo. As these properties can modulate cellular endocytosis, 13, 14 CSANs may prove to be an interesting construct with which to study these effects.
Nevertheless, despite the ability of the antiCD3 CSANs to selectively bind and undergo endocytosis, little is known about the intracellular behavior of these unique nanoparticles, or their ability to carry cargo into cells. To address this issue, we have designed and synthesized a unique trivalent bisMTX ligand to which we can attach dyes and potentially radiolabels or drugs. The attachment of a fluorophore has allowed us to verify the ability of CSANs to act as a carrier. Also, because the fluorescence of the dyes is quenched upon their release from the CSANs, we are able to monitor the intracellular stability of the CSANs under a variety of conditions. Further, we have shown that CSANs can be disassembled intracellularly by DHFR inhibitors. To probe the potential for endosomal escape, we have determined that while bisMTX is nontoxic to HPB-MLT (a T-leukemia cancer cell line) antiCD3 CSAN-mediated delivery resulted in an increase in cytotoxicity of at least 13-fold. Taken together, these results demonstrate that T-leukemia cells endocytose intact antiCD3 CSANs, which have a significant lifetime in the cell, and that upon disassembly bisMTX is released into the cytoplasm.
■ EXPERIMENTAL SECTION
G e n e r a l M e t h o d s . 1 3 D H F R 2 a n t i C D 3 a n d 1DHFR 2 antiCD3 were prepared as described previously.
10,11

13DHFR
2 antiCD22 was prepared in a similar manner. Experimental details of plasmid construction and protein expression will be reported elsewhere. bisMTX was synthesized as described previously. 15 Synthesis of the trivalent bisMTX ligand (bisMTX-NH 2 , 9) and the fluorescein isothiocyanate (FITC)-labeled bis-methotrexate ligand (bisMTX-FITC, 10) was performed according to the synthetic route outlined in Scheme 1. HPB-MLT (T-leukemia) and Raji (B lymphoma) cells were cultured in RPMI-1640 medium (Lonza) supplemented with 10% (v/v) fetal bovine serum, L-glutamine (final concentration of 2 mM), penicillin (100 units/mL), and streptomycin (100 μg/mL) in a humidified incubator with 5% CO 2 at 37°C.
Size Exclusion Chromatography. bisMTX-FITC (3 equiv) was mixed with either 13DHFR 2 antiCD3 or 1DHFR 2 antiCD3 in P500 buffer [0.5 M NaCl, 50 mM KH 2 PO 4 , and 1 mM EDTA (pH 7)] and incubated at room temperature for approximately 10 min. The CSAN solution was injected onto a Superdex G200 size exclusion column (Amersham Biosciences) and eluted with P500 buffer at 0.5 mL/min.
Fluorescence Confocal Microscopy. bisMTX-FITC (or bisMTX-PG) and the appropriate DHFR fusion protein were mixed (250 nM) and added to 0.5 × 10 6 HPB-MLT cells at either 4 or 37°C for 1 h in RPMI medium. Cells were then pelleted by centrifugation (400g for 5 min). After being washed twice with PBS (phosphate-buffered saline), cells were incubated on Poly-Prep slides coated with poly-L-lysine (Sigma) at 4 or 37°C for 30 min. Cells were then fixed with a 4% paraformaldehyde solution for 10 min and washed thrice with PBS. Finally, cells were treated with ProLong Gold Antifade reagent with DAPI (Invitrogen), and a coverslip was applied.
After overnight incubation, images were taken within inner sections of the cells by sequential scanning using fluorescence confocal microscopy using an Olympus FluoView 1000 BX2 upright confocal microscope. Resulting images are the compression of three to five z-axis slices. For disassembly experiments after the initial 1 h incubation, cells were washed twice with PBS before being resuspended in medium containing 2 mM trimethoprim, 0.5 mM pyrimethamine, or DMSO for 3 h at 37°C, after which they were processed as described above. Early endosome colocalization experiments were performed by incubating cells with antiCD3 CSANs or FITC-labeled UCHT-1 with Alexa Fluor 594-labeled transferrin (Life Technologies) for 30 min at 37°C before the cells were washed and slide preparation was continued as described above. Lysosomes were labeled by incubating cells with medium containing LysoTracker red DND-99 (Life Technologies) for 1 h at 37°C, in the presence of CSANs or FITC-labeled UCHT-1, before washing and slide preparation were continued as described above.
Flow Cytometry. HPB-MLT (or Raji) cells (1 × 10 6 ) were treated with bisMTX-FITC containing CSAN constructs at the required concentrations at 4°C for 1 h in PBS buffer (containing 0.05% BSA and 0.1% sodium azide). Cells were centrifuged (400g for 10 min), washed twice with PBS/BSA/ sodium azide buffer, and then resuspended in the same buffer. Their fluorescence was analyzed with a FACSCalibur flow cytometer (BD Biosciences). For competition experiments, HPB-MLT cells were incubated with 40 nM UCHT-1 on ice for 10 min prior to the addition of bisMTX-FITC CSAN anti-CD3 constructs (100 nM) followed by washing as described above. For disassembly experiments, HPB-MLT cells were treated with 150 nM CSANs or 3.95 nM UCHT-1 FITC for 1 h at 37°C before being washed twice with RPMI medium and finally resuspended in medium. The cells (0.5 × 10 6 ) were aliquoted into 1 mL of medium containing either 2 mM trimethoprim or DMSO and incubated at 37°C for the required period of time. Cells were then pelleted, washed once with PBS buffer, and fixed with 0.5% paraformaldehyde in PBS buffer. Samples were stored at 4°C in the dark until they were analyzed.
Cytotoxicity Analysis. HPB-MLT cells (2.5 × 10 4 ) were mixed with the appropriate concentration of antiCD3 CSANs 
■ RESULTS AND DISCUSSION
We designed and synthesized a branched bisMTX ligand with the third arm containing a primary amine 9, for the attachment of dyes (Scheme 1). The synthesis of the bisMTX amine trilinker was achieved within seven convenient steps (Scheme 1). Initially, the compound 2,2-(ethylenedioxy)bis(ethylamine) (1) was monoamine-protected with di-tert-butyl dicarbonate (0.34 equiv) and triethylamine (1.7 equiv) in dichloromethane. The resulting product (2) was refluxed with 5-bromovaleronitrile (2 equiv) in the presence of potassium iodide (0.35 equiv) and sodium carbonate (3 equiv) in n-butanol to yield the trilinker core assembly (3). Reductive hydrogenation of compound 3 with Raney nickel did not go to completion despite several attempts with increasing amounts of the catalyst. However, the combination of Raney nickel and 10% Pd on C with 2 N NaOH in an ethanol/tetrahydrofuran mixture (4:1) completely reduced the nitrile to afford the diamine (4). The coupling of the diamine with N-carbobenzyloxy-L-glutamic acid 1-methyl ester (3 equiv) in the presence of 1-ethyl-3-[3-(dimethylamino)propyl]carbodiimide (EDC, 3.5 equiv), 1-hydroxybenzotriazole (HOBt, 3.5 equiv), and triethylamine (10 equiv) in dichloromethane provided compound 5. Carboxybenzyl amine protections were then removed by Pdcatalyzed hydrogenation to yield compound 6. Subsequent EDC-mediated coupling of compound 6 with a pteroic acid derivative 15 (7) provided the fully protected trilinker (8) . Deprotection of the tert-butyl carbonate groups with 5% trifluoroacetic acid in dichloromethane followed by the removal of methyl ester protections with 1 M NaOH in methanol afforded the fully deprotected trilinker (9) in a total yield of 17%. The terminal primary amino acid in 9 can be used for the attachment of a variety of moieties, via a stable amide bond. Initially, 9 was derivatized with fluorescein, through reaction with FITC to yield 10 (bisMTX-FITC).
After incubation of 13DHFR 2 antiCD3 (the protein with the 13-amino acid linker between the DHFR proteins) with bisMTX-FITC, size exclusion chromatography (SEC) analysis shows a mixture of dimeric and monomeric species similar to that observed upon incubation of the same protein with bisMTX ( Figure 3) . 11 Analysis of the SEC trace at 494 nm, the absorbance maximum for bisMTX-FITC, revealed that the monomer peak contained this absorbance, suggesting formation of an intramolecular macrocycle, comprising one 13DHFR 2 antiCD3 protein and one bisMTX-FITC ligand ( Figure 3 ). Predominantly octameric CSANs are formed when bisMTX is mixed with 1DHFR 2 antiCD3; however, when bisMTX-FITC is used as the assembly agent, a distribution of smaller rings, ranging in size from dimers to hexamers, could be observed ( Figure S1 of the Supporting Information). When compared to both CSANs and antiCD3-CSANs, the antiCD3 CSANs prepared from bisMTX-FITC preferentially form smaller rings. This behavior is likely due to the effect of increased effective molarity on the binding of FITC to a lowaffinity hydrophobic site near the bisMTX binding site of DHFR 2 . The theoretical analysis by Ercolani and co-workers of the critical importance of the effective molarity on macromolecular noncovalent macrocyclization lends support to this possibility. 16 In addition, the discrete ring sizes observed for antiCD3-CSANs prepared from bisMTX linked to hydrophilic molecules, such as diethylenetriaminepentaacetic acid (DTPA), 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA), and adenine arabinoside monophosphate (araAMP), have been found to be identical to those for antiCD3-CSANs prepared from bisMTX alone (S. C. Kumarapperuma and C. R. Wagner, unpublished result). The molecular basis for the Incubation of CSANs lacking antiCD3 scFvs (i.e., 13DHFR
2 ) with HPB-MLT cells does not result in increased fluorescence, showing the necessity, as previously demonstrated, of antiCD3 scFvs for binding to the CD3+ cells (Figure 4) . 10, 11 When antiCD3 CSANs were incubated with CD3 negative Raji (B) cells, no increased fluorescence was observed ( Figure S3 of the Supporting Information). Further evidence of the specific nature of the interactions of antiCD3 CSANs with the cell surface CD3 receptor was found in the greatly reduced fluorescence observed when HPB-MLT cells were incubated with unlabeled monoclonal antiCD3, prior to addition of bisMTX-FITC-containing CSANs ( Figure S4 of the Supporting Information). Together, these experiments demonstrate that antiCD3 CSANs formed with bisMTX-FITC specifically bind to HPB-MLT cells via scFv-targeted interactions with cell surface CD3.
To explore whether CSANs could deliver bisMTX-FITC intracellularly, HPB-MLT cells were incubated with a mixture of 13DHFR 2 antiCD3 and bisMTX-FITC at 37 or 4°C and then visualized by fluorescence confocal microscopy. Cells incubated with the CSANs at 37°C show internalized green punctates caused by bisMTX-FITC fluorescence ( Figure 5 ). The presence of intracellular green punctates is consistent with antiCD3-mediated endocytosis of the FITC-containing CSANs. This is similar to what is observed when FITC-labeled UCHT-1 mAb is incubated with HPB-MLT cells. 10, 11 When CSANs are incubated with HPB-MLT cells at 4°C, the green fluorescence is observed on the cell membrane and no endocytosis is observed. This is consistent with an energydependent endocytosis mechanism, which occurs upon scFv (or mAb) binding to CD3 cell surface receptors. 10, 11 Monomeric and dimeric antiCD3 CSAN species as observed Previously, we had demonstrated that dimeric antiCD3 CSANs prepared with bisMTX could undergo rapid disassembly in the presence of an excess of the DHFR inhibitor, trimethoprim (TMP) in PBS (pH 7.0). 11 Similarly, treatment of CSANs prepared from bisMTX-FITC and 13DHFR 2 antiCD3 with 2 mM trimethoprim resulted in conversion to the monomeric species as determined by SEC (data not shown). During the course of our investigations, we discovered that that in solution the fluorescence of bisMTX-FITC relative to that of fluorescein was greatly quenched possibly because of hydrophobic stacking interactions between FITC and the two MTX moieties. 15 However, after 1DHFR 2 antiCD3 had been mixed with bisMTX-FITC, a 2-fold increase in FITC fluorescence was observed, which could be eliminated in a time-dependent manner by the subsequent addition of excess trimethoprim (Figure 6a ). In the absence of trimethoprim, no decrease in fluorescence was observed over the same time period. Consequently, the assembly and disassembly of CSANs prepared from bisMTX-FITC can be monitored by observing the modulation of the fluorescence of the incorporated fluorescein.
Because trimethoprim is cell permeable, we hypothesized that the treatment of endocytosed CSANs prepared with bisMTX-FITC with trimethoprim would allow us to observe their intracellular disassembly and release of bisMTX-FITC. After HPB-MLT cells had been treated with bisMTX-FITCcontaining CSANs, cells were washed and further incubated with nontoxic concentrations of trimethoprim (2 mM) for 3 h at 37°C, before being visualized by fluorescence confocal microscopy. Cells treated with trimethoprim showed loss of green punctates, while intracellular green fluorescent punctates could still be observed in untreated cells (Figure 6b−e) . A similar loss of green punctates was observed when cells were treated with 0.5 mM pyrimethamine, a potent nontoxic inhibitor of bacterial and parasitic DHFR (data not shown).
Because of the pH-dependent nature of FITC fluorescence, it is possible that acidification of the endosomes during the incubation results in the decreased fluorescence. Extracellular experiments have shown that the fluorescence of bisMTX-FITC-containing CSANs is reduced at pH 5.5, as compared to that at pH 7.0 ( Figure S9 of the Supporting Information). However, this is unlikely the major cause of the observed decrease in fluorescence, as the green fluorescence of the punctates remained stable for control cells that were not treated with trimethoprim. To further probe the possibility of the pH dependence on the internalized CSANs, we labeled 9 with Pennsylvania Green (bisMTX-PG), a fluorescein analogue with pH-independent fluorescent properties. 18 A similar loss of fluorescence was observed with CSANs carrying bisMTX-PG when they were treated with trimethoprim or pyrimethamine, compared to untreated control cells ( Figure S10 of the Supporting Information).
To further examine the disassembly kinetics of bisMTX-FITC-containing CSANs, we performed a flow cytometry experiment analyzing the time-dependent decrease in fluorescence in the presence and absence of trimethoprim. HPB-MLT cells were treated with 150 nM CSANs composed of either 1DHFR 2 antiCD3 or 13DHFR 2 antiCD3 and bisMTX-FITC for 1 h before being washed and incubated with either 2 mM trimethoprim or an equivalent volume of DMSO (as a control) at 37°C for various periods of time, after which they were washed and fixed. Cells that were not treated with trimethoprim or DMSO but were fixed after washing were taken as time zero and thought to have 100% fluorescence. A rapid loss of fluorescence was observed for cells treated with bisMTX-FITC-containing CSANs followed by trimethoprim ( Figure 7 ). Within 15 min, the fluorescence for cells treated with 13DHFR 2 antiCD3 and bisMTX-FITC CSANs followed by trimethoprim was reduced by 85%, while a 60% loss of fluorescence was observed for cells that had been treated with 1DHFR 2 antiCD3 and bisMTX-FITC CSANs followed by trimethoprim. By comparison, cells that were treated with DMSO, instead of trimethoprim, showed a significantly slower rate of decrease in fluorescence, with a loss of fluorescence of only 45% after 4 h, whether previously treated with 1DHFR 2 antiCD3 or 13DHFR 2 antiCD3 bisMTX-FITC-containing CSANs. In comparison, only 12% of the cellular fluorescence was lost over the same time period for HPB-MLT cells treated with fluorescein-labeled parental monoclonal antibody UCHT-1 (as a separate control), whether they were treated with DMSO or trimethoprim. In contrast, when cells that had internalized 1DHFR 2 antiCD3 or 13DHFR 2 antiCD3 bisMTX-FITC-containing CSANs were treated with DMSO or trimethoprim for 24 h, a similar decrease in fluorescence of 75 or 90%, respectively, was observed. These results imply that over time, disassembly of the endocytosed CSANs and release of bisMTX-FITC can occur in the absence of trimethoprim ( Figure S11 of the Supporting Information). In contrast, an only 50% loss of fluorescence was observed for HPB-MLT cells treated with FITC-labeled UCHT-1 for 24 h.
Taken together, these experiments provide evidence that antiCD3 CSANs containing bisMTX-FITC are endocytosed by HPB-MLT cells and are partially stable intracellularly over 3−4 h. In addition, treatment with small molecule inhibitors of DHFR results in the rapid intracellular disassembly of CSANs, while significant intracellular trimethoprim-independent disassembly and release of bisMTX-FITC are observed over 24 h. Nevertheless, the fluorescence quenching observed for bisMTX-FITC upon CSAN disassembly prevents us from monitoring bisMTX-FITC endosomal escape.
Previously, we had demonstrated that bisMTX (K i = 48 pM) is nearly as potent as an inhibitor of murine DHFR as MTX (K i = 33 pM). 19 Because murine DHFR is 95% identical in sequence to human DHFR, we evaluated, in comparison to MTX cells, the cytotoxicity of both 13DHFR 2 antiCD3 and 1DHFR 2 antiCD3-bisMTX CSANs to HPB-MLT cells as an indicator of bisMTX endosomal escape upon CSAN disassembly ( Figure 1A) . Treatment of HPB-MLT cells with bisMTX alone resulted in no observed toxicity after 72 h (GI 50 > 20 uM), while MTX inhibited cellular proliferation with a GI 50 of 0.7 μM (Figure 8 and Figure S12 of the Supporting Information). The inability of bisMTX to undergo folate receptor-mediated internalization is likely responsible for its lack of activity relative to MTX, which may result from the strong preference of bisMTX for a folded conformation in an aqueous solution. 15 By comparison, treatment for 72 h with 13DHFR 2 antiCD3 or 1DHFR 2 antiCD3 CSANs inhibited cellular proliferation with a GI 50 of 0.5−1.5 μM. Consistent with the flow cytometry experiment showing that after 24 h the disassembly of CSANs is not significantly different for cells incubated in the presence or absence of trimethoprim (vide supra), treatment of the cells with trimethoprim following incubation of the cells with the CSANs for 1 h had no effect on the observed cytotoxicity (data not shown). These results are consistent with the release of bisMTX from the endosomal compartment, upon disassembly of CSANs, thus resulting in likely DHFR inhibition and the observed cytotoxicity. The similar GI 50 values determined for both the dimeric and octameric CSANs may be due to differences in the levels of internalization, which may be affected by the size of the constructs. 14 In summary, we have prepared a new water-soluble bisMTX dimerizer, bisMTX-NH 2 (9) , and demonstrated that it can be labeled with FITC, yielding bisMTX-FITC. Similar to bisMTX, mono-, di-, and multivalent CSANs fused to an anti-CD3 scFv were prepared with bisMTX-FITC. 11 Once internalized, the bisMTX-FITC CSANs were shown to traffic to the early and late endosome and lysosome. Because bisMTX-FITC has a much higher fluorescence when incorporated into CSANs, the intracellular lifetime of the nanorings could be monitored. Disassembly of the CSANs and release of bisMTX-FITC could be achieved in minutes when the cells were treated with the nontoxic DHFR inhibitors trimethoprim and pyrimethamine. If not treated with a DHFR antagonist, the CSANs were shown to persist in the endosomal compartments for several hours. While bisMTX, a potent DHFR inhibitor, was found to be nontoxic to T-leukemia cells expressing CD3, when incorporated into a mono-, di-, and multivalent antiCD3 CSANs, potent cytotoxicity could be observed, thus making it consistent with endosomal release of bisMTX. Given the lack of bisMTX toxicity, we are tempted to hypothesize that bisMTX may have a weakened ability to cause MTX-associated toxicities if inadvertently released from the CSANs during systemic circulation. Ongoing in vivo studies will clarify the validity of this hypothesis. We will also be studying the in vivo stability of the CSANs, as well as their biodistribution. In addition, results from studies of the design of CSANs prepared from bisMTX-NH 2 conjugated to an additional and releasable drug are in progress and will be reported in due course. 
